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Zinc ﬁngerHere we provide evidence for a C2H2 zinc ﬁnger gene family with similarity to Ikaros and hunchback. The
founding member of this family is Caenorhabditis elegans ehn-3, which has important and poorly understood
functions in somatic gonad development. We examined the expression and function of four additional
hunchback/Ikaros-like (HIL) genes in C. elegans reproductive system development. Two genes, ehn-3 and
R08E3.4, are expressed in somatic gonadal precursors (SGPs) and have overlapping functions in their
development. In ehn-3; R08E3.4 double mutants, we ﬁnd defects in the generation of distal tip cells, anchor
cells, and spermatheca; three of the ﬁve tissues derived from the SGPs. We provide in vivo evidence that C.
elegans HIL proteins have functionally distinct zinc ﬁnger domains, with speciﬁcity residing in the N-terminal
set of four zinc ﬁngers and a likely protein–protein interaction domain provided by the C-terminal pair of
zinc ﬁngers. In addition, we ﬁnd that a chimeric human Ikaros protein containing the N-terminal zinc ﬁngers
of EHN-3 functions in C. elegans. Together, these results lend support to the idea that the C. elegans HIL genes
and Ikaros have similar functional domains. We propose that hunchback, Ikaros, and the HIL genes arose
from a common ancestor that was present prior to the divergence of protostomes and deuterostomes.
© 2009 Elsevier Inc. All rights reserved.Introduction
The Caenorhabditis elegans reproductive system develops from a
four-celled primordium containing two somatic gonadal precursors
(SGPs) and two primordial germ cells (PGCs) (Kimble and Hirsh,
1979). Through a stereotyped cell lineage, the SGPs generate all
somatic tissues of the reproductive organs (Kimble and Hirsh, 1979).
Each SGP generates one of the two hermaphrodite gonadal arms, with
somatic tissue derived from the SGP and germ line formed from the
PGC. In recent years, we have learned a great deal about the genes
controlling the ﬁrst asymmetric division of the SGPs (Asahina et al.,
2006; Chang et al., 2004; Kidd et al., 2005; Mathies et al., 2004;
Miskowski et al., 2001; Phillips et al., 2007; Sawa et al., 1996; Siegfried
et al., 2004; Siegfried and Kimble, 2002; Sternberg and Horvitz, 1988;
Tilmann and Kimble, 2005), but much remains to be learned about the
early controls of SGP development. Three transcription factors are
known to function prior to the ﬁrst SGP division: (1) the C. elegans
Hand bHLH gene hnd-1 controls the survival of the SGPs (Mathies et al.,
2003), (2) the C. elegans Gli gene tra-1 controls the polarity and
division of the SGPs (Chang et al., 2004; Mathies et al., 2004), and (3)
the C2H2 zinc ﬁnger gene ehn-3 interacts genetically with hnd-1 and
tra-1 to control early SGP development (Mathies et al., 2003, 2004).
ehn-3 is expressed almost exclusively in the SGPs, but its role(s) inll rights reserved.SGP development remain poorly deﬁned. The ehn-3 gene has no clear
ortholog in other sequenced genomes, but it does share sequence
similarity and a similar C2H2 zinc ﬁnger spacing with mammalian
Ikaros and Drosophila hunchback.
Members of the Ikaros family of C2H2 zinc ﬁnger transcription
factors are important regulators of hematopoiesis in vertebrates
(Smale and Dorshkind, 2006). Three of the ﬁve family members,
Ikaros, Aiolos, and Helios, are expressed predominantly in the
hematopoietic system and control the development of lymphoid
precursors from multipotent hematopoietic stem cells and the
subsequent development of T and B cells (Hahm et al., 1998; Molnar
and Georgopoulos, 1994; Morgan et al., 1997). Ikaros family members
share a unique arrangement of zinc ﬁngers, with a set of four N-
terminal C2H2 zinc ﬁngers responsible for binding DNA and a set of
two C-terminal C2H2 zinc ﬁngers that mediate protein–protein
interactions (McCarty et al., 2003; Molnar and Georgopoulos, 1994;
Sun et al., 1996). Ikaros family members are expressed in even the
most primitive vertebrate immune systems, such as the lymphoid-like
cells of hagﬁsh and lampreys (Rothenberg and Pant, 2004). They are
also found inmore basal deuterostomes that lack an adaptive immune
system, such as the ascidian Ciona intestinalis (Cupit et al., 2003) and
the sea urchin Strongylocentrotus purpuratus (Hibino et al., 2006; Rast
et al., 2006). Ikaros orthologs may therefore have important and
ancient roles outside of immune system development. Despite the
conservation of this important group of proteins in deuterostomes,
Ikaros family members have not been found in representative
protostome genomes, such as Drosophila melanogaster or C. elegans.
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early Drosophila embryo patterning (St Johnston and Nüsslein-
Volhard, 1992). Drosophila hunchback encodes four zinc ﬁngers near
the middle of the protein and two zinc ﬁngers at the extreme C-
terminus of the protein. Like Ikaros, the four tandem zinc ﬁngers are
important for DNA binding (Sommer et al., 1992; Stanojevic et al.,
1989; Treisman and Desplan, 1989) and the two C-terminal zinc
ﬁngers can form homodimers (McCarty et al., 2003). Based on
comparisons of hunchback genes in annelids, nematodes, and
arthropods, it has been proposed that the ancestral Hunchback
protein contained nine zinc ﬁngers consisting of two N-terminal
ﬁngers (NF), four middle ﬁngers (MF), an extra ﬁnger (ExF), and two
C-terminal ﬁngers (CF) (Patel et al., 2001; Pinnell et al., 2006).
Searches for hunchback-like genes in deuterostomes have not
revealed any unequivocal orthologs (Kerner et al., 2006). However,
it has been suggested that hunchback may share a common origin
with Ikaros based on their similar arrangement of zinc ﬁngers and
spacing between histidine residues (Georgopoulos et al., 1992; John
et al., 2009; Knight and Shimeld, 2001; Patel et al., 2001).
Here we describe a family of C2H2 zinc ﬁnger genes that shares a
similar organization of zinc ﬁngers with hunchback and Ikaros. We
refer to this family as hunchback/Ikaros-like (HIL) to distinguish it
from previously described Ikaros family-like (IFL) genes in deuter-
ostomes and hunchback genes in protostomes. The founding member
of the HIL family is the C. elegans gene ehn-3, which has important
roles in early somatic gonad development (Mathies et al., 2003, 2004).
We examined the function and expression of ﬁve HIL genes in C.
elegans and found that three are expressed in the somatic gonad and
two have overlapping functions in early SGP development. Using a
combination of domain swaps and rescue experiments, we show that
HIL genes have functionally distinct zinc ﬁnger domains, with
speciﬁcity determined by their N-terminal zinc ﬁngers. We further
show that we can replace the Ikaros DNA-binding zinc ﬁngers with
the N-terminal zinc ﬁngers of ehn-3 and this chimeric protein
functions in C. elegans gonadogenesis. Based on this evidence we
suggest that Ikaros and HIL proteins may utilize a common molecular
mechanism for controlling development. We further suggest that
Ikaros, hunchback, and the HIL genes might share a common
evolutionary origin prior to the divergence of protostomes and
deuterostomes.
Materials and methods
Strains, genetics, and RNAi
Strains
C. elegans strains were cultured as described previously (Brenner,
1974; Wood, 1988). All strains were grown at 20 °C unless otherwise
speciﬁed. C. elegans mutants were derived from the N2 wild isolate
(Hodgkin, 1997). The followingmutations were used in this study and
are described in C. elegans II (Hodgkin, 1997), cited references, or this
work: LGII: C46E10.8 (tm442), C46E10.9 (tm1692); LGIV: ehn-3(q689)
(Mathies et al., 2003), ehn-3(q766) (Mathies et al., 2004), ehn-3 (rd2);
LGX: R08E3.4(tm2127, ok1916, za16). GFP-marked balancer chromo-
somes: hT2[qIs48] for LGI and LGIII, and nT1[qIs50] for LGIV and LGV.
Molecular markers: qIs56 [lag-2::GFP] (Blelloch et al., 1999), qIs70
[lag-2::YFP] (Kidd et al., 2005), rdIs2 [ehn-3A::GFP] (Welchman et al.,
2007), ccIs4444 [arg-1::GFP] (Kostas and Fire, 2002), ezIs1 [K09C8.2::
gfp], ezIs2 [fkh-6::GFP] (Chang et al., 2004) and syIs57 [cdh-3::CFP]
(Inoue et al., 2002).
RT-PCR
Using semi-nested RT-PCR with the SL1 trans-spliced leader, we
determined the gene structures of R08E3.4, F12E12.5, C46E10.8 and
C46E10.9. Brieﬂy, RNA was prepared from mixed-stage populations
using Tri-reagent (Invitrogen) and the RNA was reverse transcribedwith MMLV reverse transcriptase (Roche) using a dT16 primer
(Operon). Semi-nested RT-PCR was performed with a primer to the
SL1 trans-spliced leader and two nested gene-speciﬁc primers
(Table S1 and Fig. S1). RT-PCR products were gel puriﬁed and
sequenced.
ehn-3 alleles
Two ehn-3 alleles have been previously described (Mathies et al.,
2003, 2004) and a third allele was identiﬁed in a PCR-based screen
(Kraemer et al., 1999). The deletion allele was backcrossed 10 times to
remove linked mutations. All of the ehn-3 alleles cause incompletely
penetrant defects in gonadal morphology, with the most common
defect being the absence of one of the two gonadal arms. Using this
measure, the ehn-3 alleles can be placed into an allelic series with
rd2Nq689Nq766Nwild-type. Molecularly, the alleles are predicted to
affect the ehn-3 locus differently: ehn-3(q689) results in a premature
stop in the EHN-3A isoform, ehn-3(q766) removes the ehn-3B
promoter and the ﬁrst two zinc ﬁngers, and ehn-3(rd2) deletes the
last three exons common to both isoforms. ehn-3(rd2) is therefore
likely to be a strong loss-of-function allele.
R08E3.4 alleles
Three R08E3.4 alleles were used in this study. All alleles caused a
slight developmental delay. For example, only 76% of a synchro-
nized population of R08E3.4(tm2127) worms (n=303) reached the
L4 stage ~48 h after hatching, compared to 93% of wild-type worms
(n=349). Based on their enhancement of the ehn-3 mutant
phenotype, the alleles can be placed into an allelic series with
tm2127~ok1916Nza16. Molecularly, R08E3.4(tm2127) removes the
R08E3.4B promoter and disrupts the second to fourth zinc ﬁngers
and R08E3.4(ok1916) disrupts the third and fourth zinc ﬁngers.
R08E3.4(tm2127) is therefore predicted to be the stronger of the
two alleles. The R08E3.4(za16) allele has a Mos1 transposon
insertion near the end of the 9th exon of R08E3.4. Its effect on
the locus is less obvious, but it consistently had a less severe
enhancement of the ehn-3 gonadal defects, suggesting that it is a
weak loss-of-function allele.
C46E10.8 and C46E10.9 alleles
We obtained deletion alleles for C46E10.8 and C46E10.9 from the
National BioResource Project. C46E10.8(tm442) and C46E10.9
(tm1692) are homozygous viable and they exhibit no obvious
morphological or developmental defects. Molecularly, C46E10.8
(tm442) removes exons two through four and C46E10.9(tm1692)
removes the last three exons of the gene. Based on our RT-PCR
analysis, these are the only zinc ﬁngers encoded by C46E10.8 and
C46E10.9. Therefore, tm442 and tm1692 are likely to be null alleles.
RNAi
Double-stranded RNAwas synthesized using the Megascript T7 kit
(Ambion) and injected into the gonad or intestine at ~1 mg/ml.
Template for RNA synthesis was derived from RNAi clones (where
available) or from genomic DNA and contained at least 500 bp of
coding sequence. At least 10wormswere injected and 24-h collections
were taken following an overnight recovery.
Reporter constructs
ehn-3
Additional upstream sequence was added to an existing transla-
tional reporter (Mathies et al., 2004) by cloning a 4985 bp XbaI
fragment from cosmid ZK616 into pJK939. The resulting plasmid
(pRA227) includes 2752 bp upstream of the start of transcription for
ehn-3A. The reporter was injected with pRF4 (Mello et al., 1991) as a
co-injection marker to make rdEx4 and the array was crossed into
ehn-3(rd2); R08E3.4(tm2127) to assess rescue.
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BC12352 was acquired from the BC Gene Expression Consortium
(Hunt-Newbury et al., 2007). This transcriptional reporter contains
2958 bp upstream of the start of transcription for R08E3.4A.
Expression was seen in several tissues, but not in the somatic gonad
at any stage. PCR fusion (Hobert, 2002) was used to generate an
R08E3.4::GFP transcriptional reporter containing ~5 kb upstream of
R08E3.4A. Brieﬂy, primers RA266 and RA246 were used to amplify a
5 kb upstream fragment and primers RA245 and RA247 were used to
generate a 1.8 kb fragment containing GFP and the unc-54 3′UTR.
These fragments were fused using a semi-nested PCR with primers
RA244 and RA247 and puriﬁed by gel/PCR puriﬁcation (Qiagen). A
full-length R08E3.4 reporter was generated using bacterial recombi-
neering, essentially as described by Tursun et al. (2009). Brieﬂy, GFP
was ampliﬁed by nested PCR from pBALU1, transformed into SW105
cells containing fosmid WRM0633cF04 (Geneservice), and selected
on plates containing galactose. The insertion was veriﬁed by PCR and
the galK cassette was removed by inducing FLP recombinase. The
resulting fosmid (pRA410) was ampliﬁed in EPI300 cells (Epicentre)
and sequenced to verify the insertion site and GFP coding sequence.
The reporters were injected into unc-119(ed3) mutants with a
rescuing unc-119 construct as a co-injection marker (Maduro and
Pilgrim, 1995) and integrated using gamma irradiation to create
rdIs26 and rdIs27 (transcriptional reporter) and rdIs25 (translational
reporter).
C46E10.8, C46E10.9, and F12E12.5
The C46E10.8 (pUL#JRH6H4) and F12E12.5 (pUL#JRH6G6) repor-
ters were acquired from the Hope lab (Reece-Hoyes et al., 2007). A
C46E10.9 reporter (pRA294) was generated using primers RA427
and RA428, cloned into pPD95.77 (Addgene), and injected into unc-
119(ed3) mutants to create rdEx45. The F12E12.5 reporter was
spontaneously integrated to create rdIs24 and the C46E10.8 reporter
was integrated by gamma irradiation to create rdIs29.
Rescue experiments
The ehn-3 and R08E3.4 cDNAs were ampliﬁed by RT-PCR with
primers containing ﬂanking AgeI sites and cloned downstream of the
ehn-3A promoter and upstream of GFP to make pRA235 (ehn-3A) and
pRA260 (ehn-3B) or VENUS to make pRA418 (R08E3.4A), pRA309
(R08E3.4B) and pRA310 (R08E3.4C). Chimeric rescue constructs were
generated by amplifying each half of the chimera using the iProof high
ﬁdelity Taq polymerase mix (Bio-Rad). Ends were phosphorylated
using end conversionmix (Novagen). ehn-3 sequenceswere ampliﬁed
from pRA235, R08E3.4 sequences were ampliﬁed from pRA309, and
human Ikaros sequences were ampliﬁed from pCMV-SPORT6-hIkaros
(Open Biosystems). Primer sequences and positions are indicated in
Table S1 and Fig. S2. All constructs were sequenced to verify the
integrity of the coding region and expression in SGPs was validated by
GFP or VENUS ﬂuorescence. All constructs were injected into ehn-3
(rd2); R08E3.4(tm2127) or ehn-3(rd2) with pRF4 (Mello et al., 1991)
as a co injection marker and at least two independent lines were
scored for rescue.
BLAST searches and phylogenetic tree construction
BLAST searches were performed with the concatenated C2H2 zinc
ﬁngers of EHN-3 or R08E3.4 and reciprocal BLAST searches were
performed against the C. elegans genome with the best hit (E-value
threshold of b10−16). Subsequent searches using the C-terminus of
R08E3.4 revealed a conserved C2H2 zinc ﬁnger protein with similar
zinc ﬁnger spacing to that of hunchback and Ikaros family members in
ecdysozoan genomes. Top BLAST hits were near the C-terminus of the
predicted protein and contained at least four additional C2H2 zinc
ﬁngers upstream of the C-terminal ﬁngers. Similar searches with theC-terminal zinc ﬁngers of Ikaros and reciprocal BLAST searches with
the best hit revealed additional IFL family members in various
sequenced genomes. Only predicted genes containing two C-terminal
zinc ﬁngers (CFs) with identical C2H2 spacing and, separately, four
tandem zinc ﬁngers (MFs) were used for alignments and phylogenetic
reconstruction. Sequences were aligned using Clustal X (Larkin et al.,
2007) with some subsequent manual adjustment (Fig. S3). The
phylogenetic tree (Fig. S4) was created using the Neighbor-Joining
algorithm (Saitou and Nei, 1987) and viewed using FigTree v.1.2.3
(tree.bio.ed.ac.uk/software/ﬁgtree). Chordate Ikaros family members
were used to root the tree. Node values indicate the robustness over
10000 bootstrap replicates while the scale bar indicates an evolu-
tionary distance of 0.05 amino acid substitutions per site.
The following genomes and sites were used for alignments and
phylogenetic tree construction: D. melanogaster (Dme), Aedes aegypti
(Aae), Acyrthosiphon pisum (Api), Tribolium castaneum (Tca), and Ix-
odes scapularis (Isc) (www.ncbi.nlm.nih.gov/sutils/genom_table.cgi?
organism=insects); C. elegans (Cel) and Caenorhabditis briggsae (Cbr)
(www.wormbase.org); Pristionchus paciﬁcus (Ppa) (www.pristionchus.
org); Helobdella robusta (Hro), Capitella capitata (Cca), and Lottia
gigantea (Lgi) (genome.jgi-psf.org); Schistosoma mansoni (Sma)
(www.sanger.ac.uk/Projects/Helminths); Schmidtea mediterranea
(Sme) (smedgd.neuro.utah.edu/index.html) (Robb et al., 2008);
Homo sapiens (Hsa) and Danio rerio (Dre) (www.uniprot.org/
uniprot); S. purpuratus (Spu) (www.spbase.org/SpBase); and C.
intestinalis (Cin) (genome.jgi-psf.org). Preliminary sequence data for
the hemichordate S. kowalevskii (Sko) was obtained from the Baylor
College of Medicine Human Genome Sequencing Center website at
http://www.hgsc.bcm.tmc.edu. In some cases an ab initio gene
prediction program, such as FGENESH (Salamov and Solovyev,
2000), was used to ﬁnd additional zinc ﬁngers with a subsequent
six-frame translation for veriﬁcation. The following proteins were
used in this study (Genbank identiﬁer or respective scaffold/contig):
Hsa Ikaras (17390815), Hsa Eos (122891864), Dre Ikaros
(220678854), Dre Eos (189536069), Cel hbl1 (115533442), Cel
HIL1(71995006), Cel ehn3(71999776), Cel sdz12(17533143), Cbr
hbl1 (157769927), Cbr HIL1 (157769619), Dme hb (24645127), Dme
HIL1(28573961), Aae hb (157111582), Aae HIL1 (157108862), Api hb
(242117900), Api HIL1 (193606023), Isc hb (241701224), Isc HIL1
(241053661), Tca hb (113206058), Tca HIL1 (91081013), Cin IFL1
(118344106), Sma hb (256075149), Cca hb [scaffold 123 (protein ID:
199858)], Cca HIL1 [scaffold 772 (protein ID: 209625)], Ppa hbl1
(Contig8), Ppa HIL1 (Contig101), Sko IFL1 (Contig65674), Spu IFL1
(SPU_011260), Sme hb (mk4.008217.00.01), Lgi hb [Scaffold 67
(protein ID: 167538)], Hro hb1 [scaffold 12 (protein ID: 167650)],
Hro hb2 [scaffold 78 (protein ID: 116286)], Hro hb3 [scaffold 37
(protein ID: 176361)], and Hro HIL1 [scaffold 8 (similar to protein ID:
131184)]. The following sites were also examined for Ikaros, hunch-
back, and HIL family members: T. adhaerens (genome.jgi-psf.org/
Triad1/Triad1.home.html); Cnidarians: Nematostella vectensis (genome.
jgi-psf.org/Nemve1/Nemve1.home.html), all cnidarians (cnidbase.bu.
edu/blast/blast_cs.html); Hydra: Hydra magnipapillata (hydrazome.
metazome.net) and (blast.genome.jp/).
Results
A hunchback/Ikaros-like gene family in C. elegans
Our previous work demonstrated that ehn-3 controls important
aspects of early SGP development, including cell division and survival
(Mathies et al., 2003; Mathies et al., 2004). The ehn-3 gene encodes
proteins with distinct C2H2 zinc ﬁnger domains: an N-terminal
domainwith up to four zinc ﬁngers and a C-terminal domain with two
zinc ﬁngers. We searched for additional genes similar to ehn-3 and
identiﬁed the C. elegans gene R08E3.4/ztf-16 as the best BLAST hit. The
R08E3.4 gene encodes proteins with up to eight zinc ﬁngers: one near
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the protein. BLAST searches with the conserved zinc ﬁngers of EHN-3
or R08E3.4 identiﬁed one additional region in the C. elegans
genome with signiﬁcant sequence similarity to ehn-3 and R08E3.4
(E-valueb10−8). This genomic region has a tandem array of three
predicted genes, F12E12.5/sdz-12, C46E10.8, and C46E10.9, all of
which potentially encode proteins with two zinc ﬁnger domains.
This arrangement of zinc ﬁngers is similar to mammalian Ikaros and
Drosophila hunchback. We therefore refer to this gene family as
hunchback/Ikaros-like (HIL). All ﬁve of the HIL genes are expressed, as
evidenced by RT-PCR products containing the SL1 trans-spliced leader
(Blumenthal and Steward, 1997) and spliced introns (see Materials
and methods). R08E3.4 has the most compelling gene structure
similarity with ehn-3, including introns at identical positions within
zinc ﬁngers and alternative promoters in homologous positions (Fig. 1A).Fig. 1. Three HIL genes are expressed in the early somatic gonad lineage. (A) Gene structu
study; the molecular nature of each allele is indicated. Predicted zinc ﬁngers (ZF) are indicat
and second ZFs of ehn-3, the ﬁrst through fourth ZFs of R08E3.4, and the second ZF of F12E12
that contain 4–6 zinc ﬁngers, R08E3.4 has three promoters and produces isoforms that conta
ﬁnger motifs. Conserved intron–exon boundaries are indicated by dashed lines. (B–H)
transcriptional reporters are expressed in the SGPs in embryos (B) and L1 larvae (C). Th
translational reporters are expressed in SGPs only in embryos (not shown). (E and F) R08E3.
of Z1.a and Z4.p (F; Z1.a is shown). (G and H) F12E12.5 reporters are expressed in the daugh
SS, DU). (I) Summary of the temporal expression of ehn-3, F12E12.5, and R08E3.4 duri
posttranscriptional regulation is taken into account for ehn-3. The width of the bar indic
symmetry as compared to Z1.F12E12.5 shares one homologous intron with ehn-3 and R08E3.4. By
contrast, C46E10.8 and C46E10.9 appear to have undergone signiﬁcant
changes, including the loss of zinc ﬁnger encoding exons through the
accumulation of stop codons or chromosomal rearrangements (Fig. S1).
Of the HIL genes, only R08E3.4 has an obvious ortholog in other
ecdysozoan genomes as assayed by reciprocal best BLAST hit. In Droso-
phila, this is the uncharacterized gene CG12769. Together, these
observations suggest that R08E3.4 is the ancestral gene in the family
and the other genes arose via gene duplication.
Expression and function of the HIL genes in the developing gonad
Given the previously deﬁned function of ehn-3 in gonadogenesis
(Mathies et al., 2003, 2004), we asked if any of the other HIL genes are
expressed in the reproductive system using gene reporters. For thisres of ehn-3, R08E3.4, and F12E12.5. Three alleles of ehn-3 and R08E3.4 are used in this
ed by black boxes. Narrow boxes indicate ZFs that are split by introns; these are the ﬁrst
.5. Promoters are indicated by arrows: ehn-3 has two promoters and produces isoforms
in 4–8 zinc ﬁngers, and F12E12.5 has one promoter and produces a protein with 5 zinc
Confocal micrographs showing GFP (top) and DIC (bottom) images. (B–D) ehn-3
ey continue to be expressed in the SGP daughters through the L1 stage (D). ehn-3
4 transcriptional reporters are expressed in SGPs in embryos (E) and in the descendants
ters of Z1.p and Z4.a (G; Z1.p is shown) and in Z1.pa and Z4.ap and their descendant (H;
ng early somatic gonad development (green, ehn-3; red, F12E12.5; blue, R08E3.4);
ates relative expression level. Only the Z1 lineage is shown; Z4 has 2-fold rotational
Table 1
R08E3.4 and ehn-3 have overlapping functions in somatic gonad development.
Genotype % Gona ± SD n pb
N2 (wild-type) 0 ± 0 220 —
N2+F12E12.5 RNAi 0.1 ± 0.3 933 —
N2+C46E10.8 RNAi 0 ± 0 563 —
N2+C46E10.9 RNAi 0 ± 0 550 —
N2+R08E3.4 RNAi 0 ± 0 323 —
N2+ehn-3 RNAi 5.7 ± 2.7 418 —
ehn-3(q766) 3.1 ± 2.3 382 —
ehn-3(q689) 21.5 ± 1.0 156 —
ehn-3(rd2) 24.2 ± 3.7 434 —
ehn-3(rd2)+R08E3.4 RNAic 45 ± 12 864 0.001
ehn-3(rd2); R08E3.4(za16)c 45.1 ± 4.2 717 b0.0001
ehn-3(rd2); R08E3.4(ok1916)c 56.5 ± 1.7 983 b0.0001
ehn-3(rd2);R08E3.4(tm2127)c 62.3 ± 5.8 612 b0.0001
ehn-3(rd2);R08E3.4(tm2127); R08E3.4(RNAi)d 51.7 ± 6.1 333 0.011
ehn-3(rd2)+F12E12.5 RNAic 20.7 ± 5.1 1183 0.621
C46E10.8(tm442); ehn-3(rd2)c 27.3 ± 5.4 1041 0.282
C46E10.9(tm1692); ehn-3(rd2)c 19.3 ± 2 379 0.062
ehn-3(rd2); R08E3.4(tm2127) + F12E12.5 RNAid 42.1 ± 6.1 247 0.002
C46E10.8(tm442); ehn-3(rd2); R08E3.4(tm2127)d 56.3 ± 5.6 1336 0.282
C46E10.9(tm1692); ehn-3(rd2); R08E3.4(tm2127)d 48.9 ± 5.1 914 0.002
C46E10.8(tm442);ehn-3(rd2);R08E3.4(tm2127) +
F12E12.5 RNAid
67.4 ± 4.3 678 0.237
C46E10.9(tm1692);ehn-3(rd2);R08E3.4(tm2127) +
F12E12.5 RNAid
47.2 ± 7.8 865 0.015
a Gonadogenesis defects were assessed using a dissecting microscope. The average
penetrance and standard deviation (SD) are reported.
b Unpaired t-tests were used for statistical comparisons and the p-value is reported.
c ehn-3(rd2) was compared.
d ehn-3(rd2);R08E3.4(tm2127) was compared.
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3–5 kb upstream of the start of translation or to the next upstream
gene and we created multiple reporters for genes with more than
one promoter. We previously described an ehn-3 reporter contain-
ing 3 kb upstream of the ehn-3A promoter (Welchman et al., 2007).
This reporter was expressed in SGPs from shortly after their birth
(Fig. 1B) through their divisions in the ﬁrst larval stage (Figs. 1C
and D). We generated an R08E3.4 reporter containing 5 kb upstream
of the start of transcription for R08E3.4A. This reporter was
expressed in the somatic gonad, ﬁrst in the SGPs during embryo-
genesis (Fig. 1E) and then during the L2 stage in the descendants of
Z1.a and Z4.p, which are the distal tip cells and their sisters (Fig.
1F). In the L4 stage, expression of the reporter was observed in the
spermatheca (not shown). The R08E3.4A reporter was also
expressed in a variety of non-gonadal tissues, including the
hypodermis and unidentiﬁed cells in the head and tail. We obtained
an F12E12.5 reporter containing 479 bp upstream of the start of
transcription (Reece-Hoyes et al., 2007) and integrated it into the
genome. This reporter was expressed at low levels in the early
somatic gonadal lineage. Prominent expression was ﬁrst seen in Z1.
pa and Z4.ap (Fig. 1G), and their descendants (Fig. 1H). In the L3
stage, the F12E12.5 reporter was expressed in ventral and dorsal
uterine precursors (not shown). Despite the previous identiﬁcation
of F12E12.5/sdz-12 as a SKN-1 dependent zygotic transcript in early
C. elegans embryos (Robertson et al., 2004), reporter expression was
not seen in early embryos, perhaps due to the limited sequences
used to generate the reporter. Finally, a C46E10.8 reporter was
expressed in the dorsal and ventral nerve cord and unidentiﬁed
neurons in the head and tail and a C46E10.9 reporter was expressed
in unidentiﬁed cells running parallel to the pharynx (not shown).
We did not, however, detect expression of these reporters in the
somatic gonad at any stage. Our expression analysis suggests that
F12E12.5 and R08E3.4, but not C46E10.8 and C46E10.9, are expressed
in the somatic gonad and might have overlapping functions with
ehn-3.
We asked if any of the other HIL genes function in reproductive
system development using a combination of RNAi and genetic
mutants. For this analysis, we isolated a new deletion allele of ehn-3
(Materials and methods) and obtained deletion alleles for R08E3.4,
C46E10.9, and C46E10.8 (Fig. 1A; Fig. S1). Because no mutants are
currently available for F12E12.5 we used RNAi to examine this gene.
We scored gonadal morphology using a dissecting microscope and
report the overall penetrance of defects (Table 1; Table S2). All of the
ehn-3 alleles caused incompletely penetrant defects in gonadal
morphology, with the most common defect being the absence of
one of the two gonadal arms. None of the other HIL genes, when
inactivated by either genetic mutants or RNAi, resulted in missing
gonadal arms or showed any obvious morphological defects. Next, we
examined all double mutant combinations with ehn-3 to ask if any of
the HIL genes has overlapping functions in the somatic gonad. Only
R08E3.4 mutants and RNAi enhanced the penetrance of the ehn-3
mutant phenotype. This enhancement was seen with all ehn-3 and
R08E3.4 alleles to varying degrees (Table 1; Table S2). Finally, we
looked for defects in triple, and quadruple mutants and found that
none of the other HIL family members enhanced the ehn-3; R08E3.4
phenotype further (Table 1). Therefore, the functional analysis
indicates that ehn-3 and R08E3.4 have overlapping functions during
gonadogenesis.
To ascertain that our reporters accurately reﬂect the expression of
ehn-3 and R08E3.4 and to demonstrate that disruptions in these genes
cause their mutant phenotypes, we generated translational reporters
and tested them for rescue. The previously described EHN-3::GFP
reporter contained only 429 bp upstream of the start of transcription
for ehn-3A (Mathies et al., 2004). We generated a second EHN-3::GFP
reporter containing additional upstream sequence and found that, like
the previously described reporter, it was expressed in SGPs duringembryogenesis and was almost undetectable in L1 larvae (not
shown). Importantly, this translational reporter rescued ehn-3(rd2);
R08E3.4(tm2127)mutants to fertile two-armed adults (99%, n=107),
suggesting that it is expressed in all cells that require ehn-3 for their
development. Because ehn-3 translational reporters are only
expressed during embryogenesis, whereas transcriptional reporters
containing the same upstream sequence were expressed through the
L1 larval stage (Figs. 1C and D), it is likely that the ehn-3 locus is
regulated post-transcriptionally. Similarly, we generated translational
reporters for R08E3.4. Since the R08E3.4 locus spans at least 10 kb and
contains three promoters, we used homologous recombination in
Escherichia coli to generate a full-length translational fusion (Dolphin
and Hope, 2006; Yu et al., 2000). The R08E3.4 translational reporter
was expressed in the somatic gonad in an identical spatial and
temporal pattern as the transcriptional reporter and it partially
rescues ehn-3(rd2); R08E3.4(tm2127) double mutants (from 62% to
27% defects, n=179). This penetrance is similar to ehn-3(rd2) single
mutants (Table 1), suggesting that the reporter is expressed in all cells
that require R08E3.4 in an ehn-3mutant background. Therefore, ehn-3
and R08E3.4 are both expressed in SGPs during embryogenesis, while
R08E3.4 alone is expressed in the distal somatic gonadal lineages (Fig.
1I). Taken together, our functional and expression analyses suggest
that ehn-3 and R08E3.4 have overlapping functions in SGPs.ehn-3 and R08E3.4 function in SGPs to control the development of
differentiated gonadal cell types
To explore the functional overlap between ehn-3 and R08E3.4, we
examined single and double mutants using molecular markers and
DICmicroscopy. Unless otherwise stated, we used the strongest alleles
of ehn-3 and R08E3.4, which are rd2 and tm2127, respectively
(Materials and methods). Wild-type hermaphrodites have two
gonadal arms, each developing from one of the two SGPs. Similarly,
R08E3.4mutants had two gonadal arms (n=160). By contrast, ehn-3
singlemutants and ehn-3; R08E3.4 doublemutantswere oftenmissing
Fig. 2. ehn-3 and R08E3.4 are required for somatic gonad development. (A–D)
Representative DIC images of young adult ehn-3(rd2); R08E3.4(tm2127) double
mutants; the gonad is indicated by dashed lines. (A) Two gonadal arms; the posterior
arm is outlined. (B) Anterior gonadal arm only. (C) Posterior gonadal arm only; near the
vulva is a large patch of germ cells (arrowheads). (D) Severely underdeveloped gonad,
with only a small patch of gonadal tissue near the vulva. (E) DIC analysis of gonadal
morphology in wild-type, R08E3.4(tm2127), ehn-3(rd2), and ehn-3(rd2); R08E3.4
(tm2127) mutants. Percentage of animals with two gonadal arms (Two arms), one
gonadal arm (One arm), or no gonadal arms (No arms) is reported.
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defects was signiﬁcantly higher in ehn-3; R08E3.4 double mutants. In
addition to these gross morphological defects, we also observed
ectopic germ line proliferation in ehn-3 and ehn-3; R08E3.4 mutants.
Proliferation of the germ line is controlled by the distal tip cells (DTCs)
and is normally conﬁned to the distal end of the gonadal arms (Kimble
and White, 1981). By contrast, we sometimes observed germ line
proliferation near the center of the gonad in ehn-3 single mutants and
ehn-3; R08E3.4 double mutants (5.8%, n=378 and 32.7%, n=211,
respectively). This proximal germ line proliferation was only seen in
gonads where one (Fig. 2C) or both gonadal arms were missing.
Finally, ehn-3, R08E3.4, and ehn-3; R08E3.4 mutants sometimes had
abnormal DTC migration defects. Normally, each DTC migrates in a U-
shaped pattern to generate one of the two reﬂexed gonadal arms
(Kimble andWhite, 1981). In ehn-3 and R08E3.4 singlemutants, one or
both of the DTCs had abnormal migration patterns (11%, n=109 and4.4%, n=160, respectively) and the penetrance of these defects
increased in ehn-3; R08E3.4 double mutants (34.9%, n=126). We
conclude that ehn-3 and R08E3.4 have largely redundant functions in
the development and migration of the gonadal arms.
The missing gonadal arms in ehn-3 and ehn-3; R08E3.4 mutants
suggested a defect early in gonadogenesis. To explore the cause of this
defect, we began with an ehn-3 transcriptional reporter to visualize
the SGPs both shortly after their birth and in newly hatched L1 larvae.
Most ehn-3 and ehn-3; R08E3.4 mutants had two SGPs in embryos
(56/56 and 44/44, respectively) and L1 larvae (140/141 and 50/50,
respectively; Fig. 3). Therefore, themissing gonadal arms do not result
frommissing SGPs. However, ehn-3 and ehn-3; R08E3.4mutants often
had SGPs with abnormal morphology or position within the gonadal
primordium. Normally, the two SGPs occupy the poles of the four-
celled primordium and make contact with one another on its ventral
side. By contrast, ehn-3 and ehn-3; R08E3.4 mutants had a variety of
SGP conﬁgurations, which we grouped into four major classes: (1)
normal morphology, ventral contact (Fig. 3A); (2) normal morphol-
ogy, abnormal contact (Figs. 3B and C); (3) abnormal position within
the primordium (Fig. 3D); and (4) abnormal morphology (Fig. 3E). The
ehn-3 single mutants and ehn-3; R08E3.4 double mutants had the
same array of phenotypes, but the spectrum was shifted toward SGPs
with abnormal morphology or position in the double mutants (Fig. 3F).
Therefore, ehn-3 and R08E3.4 are not required for SGP speciﬁcation,
but they are necessary for proper gonadal primordium assembly and
SGP morphology.
To learn which SGP defects correlate with adult gonadal defects,
we examined individuals at the L1 larval stage, allowed them to
develop, and examined them again at the L4 stage (Table 2). In both
ehn-3 and ehn-3; R08E3.4 mutants, SGPs with abnormal position or
morphology often developed into adults that were missing the
corresponding gonadal arm. Therefore, these abnormal SGPs typically
do not execute their developmental program properly. Interestingly,
over half of the L1s with normal-looking SGPs developed into adults
with gonadogenesis defects in ehn-3; R08E3.4 double mutants, as
compared to 5% for ehn-3 single mutants. We conclude that ehn-3
plays a larger role in the early development of SGPs based upon the
low percentage of normal-looking SGPs that go on to form abnormal
gonads, while ehn-3 and R08E3.4 work in parallel to control
subsequent SGP development.
The elongation of each hermaphrodite gonadal arm is led by one
DTC (Hedgecock et al., 1987; Kimble and Hirsh, 1979). Therefore, we
reasoned that the missing gonadal arms might be due to missing or
non-functional DTCs. To test this possibility, we examined ehn-3 and
ehn-3; R08E3.4 mutants with lag-2::GFP, which marks DTCs (Blelloch
et al., 1999), and found that they are often missing one or both DTCs
(Table 3). Since ehn-3; R08E3.4mutants almost always had SGPs, this
suggests a defect in the lineage leading from the SGPs to DTCs.
Normally, each SGP divides asymmetrically to yield one cell that
generates a DTC and one cell with the potential to generate an anchor
cell (AC) (Fig. 1I). Therefore, one possible cause for missing DTCs is a
failure in the asymmetric division of the SGPs, which can lead to extra
ACs at the expense of DTCs (Miskowski et al., 2001; Siegfried et al.,
2004; Siegfried and Kimble, 2002; Sternberg and Horvitz, 1988). To
test this, we used the AC marker cdh-3::CFP (Inoue et al., 2002) in
combination with the DTC marker lag-2::YFP. Wild-type worms had a
single anchor cell at the L3 stage, whereas ehn-3 mutants and ehn-3;
R08E3.4(RNAi) double mutants occasionally had two ACs at a similar
stage as seen by both morphology and cdh-3::CFP expression (11.2%,
n=143 and 16.3%, n=80, respectively). However, we did not see
any correlation between extra ACs and missing DTCs in ehn-3;
R08E3.4(RNAi) (11/13 had two DTCs), suggesting that extra AC
production was not caused by a failure of SGPs to divide asymmet-
rically. Furthermore, the two ACs were frequently located adjacent to
one another. Therefore, it is more likely that the extra ACs in ehn-3;
R08E3.4(RNAi) result from defects in lateral signaling between the AC/
Fig. 3. ehn-3; R08E3.4 double mutants have abnormal SGPs. ehn-3(rd2); R08E3.4(tm2127) mutants typically have two SGPs, but they often have abnormal morphology or position
within the primordium. (A–E) DIC images of the gonadal primordium; germ cells are marked by asterisks (top); ehn-3::GFP highlights SGP cell bodies (bottom). (A) Wild-type
morphology: SGPs are at the poles of the primordium and make contact on its ventral surface (arrowhead). (B) Abnormal contact: the anterior SGP body is ventral and the posterior
SGP body is dorsal; SGPs contact one another centrally (arrowhead). (C) Abnormal contact: SGPs make contact on the dorsal surface of the primordium (arrowhead). (D) Abnormal
position: The posterior SGP is located between the two germ cells (asterisks). (E) Abnormal morphology: the posterior SGP extends a process (open arrowheads) away from the
gonadal primordium. The anterior SGP is also located between the two germ cells (asterisks). (F) Analysis of the gonadal primordium of wild-type, R08E3.4(tm2127), ehn-3(rd2), and
ehn-3(rd2); R08E3.4(tm2127) mutants with ehn-3::GFP. Percentage of animals with SGPs in a wild-type conﬁguration (A), abnormal contact (B and C), abnormal position (D),
abnormal morphology (E), and absent SGPs is reported.
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dependent LIN-12/Notch signaling event insures that only one AC is
generated (Greenwald et al., 1983) and it normally prevents the
development of adjacent ACs. We conclude that the missing DTCs are
unlikely to result from defects in the asymmetric division of the SGPs.
Instead, the missing gonadal arms might result from defects in
speciﬁcation, differentiation, or survival of the DTCs. Future analysis of
ehn-3 and R08E3.4 should shed light on these processes.
In the course of our phenotypic analysis, we observed lag-2-
expressing cells that did not appear to be typical hermaphrodite DTCs
(hDTCs). Instead, they had the morphology of male DTCs (mDTCs).
The hDTCs are crescent-shaped cells that lead the elongation of the
two hermaphrodite gonadal arms and induce germ line proliferation,
whereas the mDTCs are small cells that remain situated at the distal
end of the single male gonadal arm, where they induce germ line
proliferation (Kimble and Hirsh, 1979; Kimble and White, 1981). This
observation was intriguing because ehn-3 mutants have a weak
sexual transformation of the somatic gonad that is enhanced by
removing one copy of the tra-1 gene (Mathies et al., 2004). Therefore,
R08E3.4 may redundantly control gonadal sex with ehn-3. To
distinguish between mDTCs and hDTCs, we sought a marker that is
differentially expressed between these cell types. Expression of arg-
1::GFP was previously reported in the hermaphrodite head mesoder-
mal cell, vulval muscles, and the enteric muscles (Kostas and Fire,Table 2
Correlation of L1 and adult phenotype in ehn-3 and ehn-3; R08E3.4 mutants.
Genotypea Gonadal primordium Adult gonad (%)c n
SGP
morphologyb
Two
arms
One
arm
Abnormal None
visible
Wild-type Ventral contact 100 0 0 0 54
ehn-3(rd2) Ventral contact 95 5 0 0 56
Abnormal contact 93 3 0 3 59
Abnormal position 57 43 0 0 7
Abnormal morphology 0 33 0 67 3
ehn-3(rd2);
R08E3.4
(tm2127)
Ventral contact 44 50 6 0 18
Abnormal contact 60 30 10 0 10
Abnormal position 43 29 29 0 7
Abnormal morphology 0 57 21 21 14
a All contain rdIs2, an integrated ehn-3::GFP.
b Presence, position, and morphology of Z1 and Z4 were scored by ehn-3::GFP
expression.
c Rows may not add to 100% due to rounding errors.2002; Zhao et al., 2007). We noticed that this reporter is also
expressed in the mDTC, but not the hDTC (Figs. 4A and B). We
examined arg-1::GFP in the hermaphrodite somatic gonad from the L1
to L4 stage in wild-type and ehn-3; R08E3.4 double mutants. In wild-
type somatic gonads, no expression was observed in L1 or L2 larvae
and only faint expression was seen in hDTCs in L3 larvae (Fig. 4D). By
comparison, we saw expression of arg-1::GFP in the somatic gonad of
ehn-3; R08E3.4 double mutants beginning in the L2 stage and peaking
at the L3 stage with 13.6% expressing arg-1::GFP in the hDTCs and
16.5% expressing arg-1::GFP in small cells near the center of the gonad
(Figs. 4C and D). These small cells were morphologically similar to
mDTCs, they did not lead gonadal arm migration, and they were
always associated with proximal germ line proliferation (n=33).
Together, these observations suggest that the hDTCsmight be sexually
transformed into mDTCs in ehn-3; R08E3.4 double mutants.
In order to determine if the ectopic arg-1::GFP expression was
indicative of a broad sexual transformation of the hermaphrodite
somatic gonad, we used the male speciﬁc reporter K09C8.2::GFP
(Chang et al., 2004). Thismarker is only expressed in themale seminal
vesicle and a population of vas deferens cells without any expression
observed in hermaphrodites. We used RNAi of R08E3.4 in an ehn-3
background to examine expression of K09C8.2::GFP from the L1 to L4
stage in hermaphrodites. No expression of K09C8.2::GFPwas observed
in ehn-3(rd2); R08E3.4(RNAi) hermaphrodites (n=601), leading us to
conclude that this is not a broad sexual transformation of the gonad
and, instead, appears to be restricted to the DTCs.
To ask how broadly ehn-3 and R08E3.4 function in the somatic
gonadal lineage, we used fkh-6::GFP, which marks spermathecal and
sheath cells at the L4 stage. Wild-type worms express fkh-6::GFP
brightly in the spermatheca and more dimly in the sheath cells thatTable 3
ehn-3 and R08E3.4 have overlapping functions in the generation of DTCs.
Genotypea Percentage of animals n
Three hDTCs Two hDTCs One hDTC No hDTCs
Wild-type 0 99.1 0.9 0 106
R08E3.4(tm2127) 1.8 90.9 7.3 0 55
ehn-3(rd2) 0 50.3 43.4 6.3 143
ehn-3(rd2);
R08E3.4(tm2127)
0 42.2 45.3 12.5 128
a All strains contain qIs56, an integrated lag-2::GFP reporter.
Fig. 4. ehn-3; R08E3.4 double mutants have ectopic arg-1 expression in the somatic gonad. (A–C) DIC images and (A′–C′) arg-1::GFP ﬂuorescence. (A)Wild-typemales express arg-1::
GFP in the two mDTCs (arrowhead). (B) Wild-type hermaphrodites express arg-1::GFP in the vulval muscles (open arrowhead), but not in the hDTCs (closed arrowhead). (C) ehn-3;
R08E3.4mutants sometimes express arg-1::GFP in the hermaphrodite somatic gonad (closed arrowhead) in cells that resemblemDTCs (compare to A); expression is also seen in vulval
muscles (open arrowhead). (D) Analysis of arg-1::GFP expression in wild-type and ehn-3(rd2); R08E3.4(tm2127)mutant hermaphrodites. The percentage of animals with expression
in the hermaphrodite DTC (not shown) and cells with processes (C) is reported at four larval stages (L1 through L4).
Table 4
EHN-3 and R08E3.4 are not functionally equivalent.
Genotype Rescue construct % Gona ± SD n
ehn-3(rd2) None 24.2 ± 3.7 434
EHN-3A::GFP 0.8 ± 0.3 384
EHN-3B::GFP 28.6 ± 3.5 742
R08E3.4A::GFP 13.8 ± 1.1 1428
R08E3.4B::GFP 14.8 ± 1.7 711
ehn-3(rd2);
R08E3.4(tm2127)
None 62.3 ± 5.8 612
EHN-3A::GFP 3.3 ± 2.2 394
EHN-3B::GFP 47.8 ± 5.0 812
R08E3.4A::GFP 18.9 ± 5.6 792
R08E3.4B::GFP 26 ± 8.6 1131
R08E3.4C::GFP 56.1 ± 5.8 431
a Gonadogenesis defects were assessed using a dissecting microscope. The average
penetrance and standard deviation (SD) are reported.
58 E.E. Large, L.D. Mathies / Developmental Biology 339 (2010) 51–64surround the proximal two-thirds of each gonadal arm (Chang et al.,
2004). Using a ﬂuorescent dissecting microscope, we observed fkh-6::
GFP in two patches ﬂanking the vulva, corresponding to the two
spermathecae (n=125). By contrast, ehn-3 single mutants and ehn-3;
R08E3.4 double mutants sometimes expressed fkh-6::GFP in only one
patch of spermathecal tissue (7.4%, n=258 and 18%, n=108,
respectively). This patch of fkh-6::GFP expression was typically the
same size or smaller than a single spermathecum in wild-type worms
(not shown). Therefore, ehn-3 and R08E3.4 are required for proper
development of the spermathecae, suggesting a defect in one or both
of the lineages (SS, Fig. 1I) that give rise to this tissue.
In summary, we ﬁnd that ehn-3 and R08E3.4 function broadly in
somatic gonad development and they largely have overlapping
functions. In L1 larvae, ehn-3; R08E3.4mutants exhibited incompletely
penetrant defects in the morphology, placement, and development of
the SGPs. At the L4 stage, they had defects in the number or
morphology of DTCs, ACs, and spermathecal cells. Generally, ehn-3
single mutants and ehn-3; R08E3.4 double mutants had the same
array of defects, but the penetrance was much higher in ehn-3;
R08E3.4 double mutants. Together, our phenotypic analysis suggests
that ehn-3 and R08E3.4 are required for the development of several
differentiated tissues in the somatic gonad and they show synergistic
interactions consistent with genetic redundancy.
The EHN-3 and R08E3.4 isoforms have different activities
To begin to dissect the functions of the different ehn-3 and R08E3.4
isoforms, we used the ehn-3 promoter to drive expression of each
ehn-3 and R08E3.4 cDNA and tested them for rescue of ehn-3;
R08E3.4 double mutants. All constructs fused GFP to the C-terminus ofthe protein and at least two lines were examined for each construct.
For these experiments we assayed missing gonadal arms and report
the overall penetrance of gonadal defects. We found that EHN-3A::
GFP rescues the gonadogenesis defects of ehn-3; R08E3.4 double
mutants almost completely (Table 4). By contrast, none of the other
EHN-3 or R08E3.4 isoforms was capable of fully rescuing ehn-3;
R08E3.4 double mutants. Therefore, EHN-3A is sufﬁcient to control
SGP development. Of the other isoforms, R08E3.4A and R08E3.4B had
the best rescuing activity. We observed better rescue when the
R08E3.4 isoforms were expressed from the ehn-3 promoter than when
they were expressed in the context of the R08E3.4 translational
reporter. This difference might be due to differences in expression
level or timing of the ehn-3 and R08E3.4 promoters. To ask if any of
the R08E3.4 proteins could substitute for EHN-3, we tested the
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R08E3.4A and R08E3.4B partially rescued ehn-3 single mutants when
driven by the ehn-3 promoter, suggesting that both isoforms retain
some functional similarity with EHN-3A. Importantly, neither
R08E3.4A nor R08E3.4B can completely replace ehn-3A in these rescue
experiments, suggesting that some functional divergence has oc-
curred between the homologous EHN-3A and R08E3.4B proteins.
EHN-3 and R08E3.4 have functionally distinct zinc ﬁnger domains
Ikaros proteins have an N terminal set of DNA-binding zinc ﬁngers
and a C terminal pair of zinc ﬁngers that mediate protein–protein
interactions. To ask if EHN-3 and R08E3.4 also have functionally
distinct zinc ﬁnger domains, we created chimeric proteins containing
different combinations of the EHN-3A and R08E3.4B zinc ﬁnger
domains and tested them for rescue of ehn-3; R08E3.4 double mutants
(Fig. 5). Since R08E3.4A and R08E3.4B showed equivalent rescuing
activity in our previous experiments, we used the R08E3.4B isoform
for these experiments. First, we swapped the N-terminal zinc ﬁngers.
We found that the N-terminal zinc ﬁngers of EHN-3A were sufﬁcient
to give R08E3.4B the ability to rescue ehn-3; R08E3.4 double mutants
(Fig. 5), indicating that this domain is responsible for the functional
differences between EHN-3A and R08E3.4B. Reciprocally, the N-
terminal zinc ﬁngers of R08E3.4B reduced the ability of EHN-3A to
rescue ehn-3; R08E3.4 double mutants. This chimeric protein rescued
better than R08E3.4B, suggesting that other regions of the EHN-3A
protein are also important in conferring speciﬁc functions to EHN-3.
We deleted the N-terminal zinc ﬁngers from EHN-3A and found that
this signiﬁcantly reduced its ability to rescue ehn-3; R08E3.4mutants.
Next, we replaced the C terminal zinc ﬁngers of ehn-3 with those of
R08E3.4 and human Ikaros and found that these chimeric proteinsFig. 5. EHN-3 and R08E3.4 have functionally distinct zinc ﬁnger domains. Chimeric proteins w
ehn-3(rd2); R08E3.4(tm2127) double mutants. The proteins consisted of different combinatio
EHN-3 (red); R08E3.4 (blue); Ikaros (black). Sequences outside the zinc ﬁngers are indicat
terminal zinc ﬁngers of EHN-3A affected nuclear localization of the protein, so an SV40 nucl
defects was scored by dissecting microscope and the average is reported with standard devia
reported.rescued the ehn-3; R08E3.4 defects as efﬁciently as wild-type EHN-3A.
This result supports the idea that the EHN-3 and R08E3.4 C-terminal
zinc ﬁngers function in a manner similar to the C-terminal zinc ﬁngers
of Ikaros and may also mediate dimerization. Taken together, these
results are consistent with the model that EHN-3 and R08E3.4 have
functionally distinct zinc ﬁnger domains and that their N-terminal
zinc ﬁngers largely determine the functional speciﬁcity of the
proteins.
To more directly test the idea that EHN-3 and Ikaros are
homologous proteins, we used human Ikaros as the basis for a
chimeric rescue experiment. We reasoned that the putative DNA-
binding domain of EHN-3 might be sufﬁcient to provide functionality
to human Ikaros when expressed in C. elegans. We generated a
construct containing the four N-terminal zinc ﬁngers of EHN-3A and
the C-terminus of human Ikaros and expressed this chimeric protein
in SGPs using the ehn-3A promoter. This heterologous protein was
able to rescue ehn-3 single mutants and ehn-3; R08E3.4 double
mutants as well as EHN-3A (Fig. 5). By comparison, the N-terminal
zinc ﬁngers of EHN-3A only partially rescue ehn-3; R08E3.4 double
mutants, suggesting that the C-terminus of human Ikaros is providing
functionality to this chimeric protein. This reinforces our previous
results suggesting that the speciﬁcity of EHN-3 resides in its N-
terminal putative DNA-binding zinc ﬁngers and indicates that ehn-3,
R08E3.4, and Ikaros encode functionally equivalent C-terminal
domains.
A new family of hunchback and Ikaros-like genes in protostomes
Our chimeric rescue experiments suggest that the C. elegans HIL
genes could be homologous to Ikaros and it has been previously
suggested that Ikaros and hunchbackmight share a common ancestor.ere expressed in the SGPs under control of the ehn-3A promoter and tested for rescue of
ns of the EHN-3, R08E3.4, and Ikaros proteins. Zinc ﬁngers are indicated by dark boxes;
ed by light bars; EHN-3 (white); R08E3.4 (stippled); Ikaros (grey). Deletion of the N-
ear localization signal (NLS) was added. The percentage of animals with gonadogenesis
tion (SD). Unpaired t-tests were used to compare rescue with EHN-3A and the p-value is
Fig. 6. Comparison of Ikaros, hunchback, and HIL genes. (A) The ancestral hunchback, Ikaros, and HIL genes all have four tandem zinc ﬁngers (MF1-4) and two paired zinc ﬁngers
(CF1-2) near their C-terminus; nomenclature as established for hunchback. For reference, we include the gene structures of C. elegans ehn-3 and R08E3.4. hunchback and HIL genes
can have one or two zinc ﬁngers N-terminal to the MFs. A zinc ﬁnger between the MF and CF domains, the ExF, is unique to hunchback genes. (B–D) Alignment of the MF and CF
domains of HIL (B), hunchback (C), and Ikaros (D) family genes. MF and CF domains from the following species were aligned using Clustal X: Caenorhabditis elegans (Cel), C. briggsae
(Cbr), P. paciﬁcus (Ppa), D. melanogaster (Dme), A. aegypti (Aae), T. castaneum (Tca), A. pisum (Api), I. scapularis (Isc), H. sapiens (Hsa), D. rerio (Dre), and C. intestinalis (Cin).
Conservation of residues is indicated below the columns as identical (asterisk), highly similar (colon), or moderately conserved (period).
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hunchback, we searched for orthologs of both genes in several
sequenced protostome genomes. We used the C-terminal zinc ﬁngers
of hunchback or R08E3.4 to identify pairs of zinc ﬁngers near the C-
terminus of predicted proteins, thenwe searched for four tandem zinc
ﬁngers encoded upstream of these zinc ﬁngers. Using this method, we
identiﬁed candidate hunchback and HIL genes in representative
ecdysozoan genomes (Fig. 6). All of the HIL and hunchback genes
encode four conserved zinc ﬁngers, which we refer to as middle
ﬁngers (MF1-4) using the nomenclature that was established for
hunchback, and two conserved C-terminal ﬁngers (Figs. 6B and C). For
comparison, we show the homologous zinc ﬁngers of several chordate
Ikaros family genes (Fig. 6D). We also found hunchback and HIL genes
in the sequenced lophotrochozoan genomes, including previously
unreported hunchback genes in the leech, mollusk, and ﬂatworm
genomes and HIL genes in the annelid and mollusk genomes (Fig. S3).
To establish the relationship among these genes, we used the six
conserved zinc ﬁngers (MF1-4 and CF1-2) to construct a phylogenetic
tree using the Neighbor-Joining algorithm (Saitou and Nei, 1987). As
an outgroup, we used chordate Ikaros family members. The resulting
phylogram (Fig. S4) provides strong support for distinct hunchback
and HIL clades in protostomes. The presence of distinct hunchback and
HIL gene sequences in awide array of sequenced protostome genomes
suggests that both gene families existed early in protostome
evolution.
In the course of our analysis, we noticed that several HIL genes are
predicted to encode one or two N-terminal zinc ﬁngers (NF), as has
been reported for hunchback genes. For example, the nematode
R08E3.4/ztf-16 genes all encode two additional zinc ﬁngers N-
terminal to the four MFs (NF1-2) and several arthropod and annelid
HILs have one NF (Figs. S5 and S6). A close inspection of basal
deuterostome Ikaros family-like (IFL)members revealed an additional
NF in the previously described sea urchin Ikaros ortholog (Hibino et
al., 2006) and two NFs in the uncharacterized hemichordate acorn
worm Ikaros ortholog (Fig. S6). Therefore IFLs in basal deuterostomes
may contain additional zinc ﬁnger domains, similar to the ancestral
hunchback (Patel et al., 2001; Pinnell et al., 2006) and nematode HIL
genes (this work), reinforcing the idea that Ikaros, hunchback, and HIL
genes are derived from a common ancestor. To explore the roots of
these genes outside the bilateria, we searched for IFL, hunchback, and
HIL genes in the sequenced cnidarian genomes, including N. vectensis,
H. magnipapillata, and T. adhaerens, and were unable to ﬁnd any
sequences encoding a similar zinc ﬁnger arrangement and spacing of
the C-terminal histidines. Therefore, the ancestor to hunchback,
Ikaros, and the HIL genes may have arisen in the lineage leading to
bilaterians.
Discussion
In this paper, we identify and characterize a family of C. elegans
zinc ﬁnger genes with a similar arrangement of C2H2 zinc ﬁngers as
mammalian Ikaros and Drosophila hunchback. The C. elegans gene
family consists of ﬁve genes, three of which are expressed in
reproductive system lineages and two that function early in the
development of the reproductive system. We ﬁnd that ehn-3 and
R08E3.4 function in SGPs to control a variety of cell fate decisions
during somatic gonad development. Using a combination of domain
swaps and rescue experiments, we provide support for the idea that
ehn-3 and R08E3.4 encode distinct protein–protein interaction and
DNA-binding zinc ﬁnger domains, as has been shown for mammalian
Ikaros family members and Drosophila hunchback (McCarty et al.,
2003). We also show that human Ikaros can function in the C. elegans
reproductive system if the putative DNA-binding domain of EHN-3 is
used in place of its DNA-binding domain. Taken together with the
protein structure and sequence similarities between mammalian
Ikaros, Drosophila hunchback, and the C. elegans HIL genes, wesuggest that these gene families shared a common origin prior to the
divergence of protostomes and deuterostomes.
Pleiotropic regulators of somatic gonad development
C. elegans HIL genes are important for the development of at least
three of the ﬁve differentiated somatic gonadal tissues. Our
phenotypic analysis suggests that ehn-3 and R08E3.4 control diverse
processes ranging from sexual differentiation to lateral signaling and
our rescue experiments demonstrate that they are capable of rescuing
these defects when expressed only in SGPs. Finally, our reporter
analysis indicates that ehn-3 and R08E3.4 have overlapping expression
in embryonic SGPs. Therefore, it is likely that ehn-3 and R08E3.4 act in
SGPs to control their subsequent development into differentiated cell
types. How might the HIL genes function in SGPs to control processes
that occur much later in development? One idea comes from the
sequence, structural, and functional similarities between the HIL
genes and Ikaros. Mammalian Ikaros is important for several aspects
of hematopoietic system development. A precise developmental role
for Ikaros has been difﬁcult to deﬁne, owing in part to its diverse
functions and action at multiple stages of development (reviewed by
Smale and Dorshkind, 2006). Similarly, we have shown that the C.
elegans HIL genes control reproductive system development at
multiple times and in a broad range of tissues. Ikaros is involved in
the activation and repression of genes in conjunction with chromatin
remodeling complexes such as NuRD and SWI/SNF, with which it
physically interacts (Kim et al., 1999; Koipally et al., 1999; Sridharan
and Smale, 2007). It has been suggested that the interaction between
Ikaros and NuRD might be important for “priming” genes for
expression later in hematopoietic system development (Ng et al.,
2007, 2009). This epigenetic regulation is thought to be important for
the potential of hematopoietic stems cells and their progenitors to
generate multiple lymphoid fates. Our domain swap experiments
demonstrate that the C-terminus of human Ikaros can replace the C-
terminus of EHN-3, suggesting that EHN-3 might utilize a similar
molecular mechanism to control reproductive system development.
These developmental and molecular similarities lead us to propose
that HIL genes are acting in SGPs to establish a permissive chromatin
state surrounding genes that will be utilized later in somatic gonad
development. Tests of this hypothesis must await the identiﬁcation of
EHN-3 and R08E3.4 target genes.
Duplication and divergence of the HIL family in nematodes
The sequenced Caenorhabditis genomes each encode at least one
HIL familymember and they all contain a highly conserved ortholog of
R08E3.4/ztf-16. In C. elegans, R08E3.4 appears to have duplicated to
give rise to at least four HIL genes. Of these, ehn-3 and R08E3.4 are
both expressed in SGPs, have strong synergistic genetic interactions,
and group together within the protostome HIL clade in our
phylogenetic analysis. The other HIL genes, however, may not
function in gonadogenesis. The only gonadal phenotype we observed
for R08E3.4 single mutants is an abnormal migration pattern of the
DTCs, a phenotype that is shared by ehn-3 single mutants. In all other
aspects of somatic gonadal development, R08E3.4 strongly enhanced
the defects observed in ehn-3 single mutants. Therefore, ehn-3 and
R08E3.4 appear to retain largely overlapping functions, with somatic
gonad development being more reliant on ehn-3 than R08E3.4.
Despite the strong functional redundancy between ehn-3 and
R08E3.4, other observations suggest that ehn-3 has acquired new
functions since its divergence from R08E3.4. First, R08E3.4 was only
partially capable of replacing EHN-3 in early SGP development. These
functional differences appear to lie predominantly in the four middle
zinc ﬁngers (MF1-4), since this domain was sufﬁcient to convey full
rescuing activity to R08E3.4. Furthermore, ehn-3 interacts genetically
with the conserved transcription factors, tra-1/GLI and hnd-1/dHand
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(our unpublished observation). Finally, ehn-3 and R08E3.4 have low
levels of amino acid sequence identity, even within their conserved
MF domains where they share only 6 of the 12 amino acids that are
predicted to interact with DNA (Wolfe et al., 2000). How do we
resolve this apparent paradox of low sequence similarity and strong
functional redundancy? We noticed that 4 of the 6 differences
between EHN-3 and R08E3.4 lie in their third and fourth MFs,
suggesting that MF1-2 might be under different selective pressure
than MF3-4. Interestingly, EHN-3 and R08E3.4 isoforms have variable
numbers of MFs and all isoforms that were capable of rescuing the
double mutant phenotype contained the ﬁrst two MFs. Therefore, the
EHN-3 and R08E3.4 isoforms might bind distinct DNA sequences
using different pairs of MFs. An analysis of metazoan zinc ﬁnger genes
encoding more than two tandem C2H2 zinc ﬁngers, the poly-zinc-
ﬁnger (poly-ZF) genes, suggests that positive selection frequently acts
on gene duplicates to change their DNA-binding speciﬁcity (Emerson
and Thomas, 2009). These adaptive changes would presumably come
at the expense of redundancy, since they result in the regulation of
different target genes. However, if poly-ZF proteins can utilize
different subsets of zinc ﬁngers to bind distinct target genes, this
might allow for the asymmetric evolution of different zinc ﬁnger
domains. This, in turn, could explain the simultaneous retention of
overlapping functions by ehn-3 and R08E3.4 and evolution of new
functions by ehn-3.
It is likely that more hunchback/Ikaros-like genes will be found in
both protostomes and deuterostomes. For example, other Caenor-
habditis genomes have HIL duplications that are not syntenic with the
genes we analyzed here and do not appear to be orthologs of any of
the C. elegans HILs. In addition, a hunchback duplication was
previously described in leeches (Savage and Shankland, 1996) and
we uncovered an additional hunchback duplication event in leeches
(Fig. S3). Therefore, this gene family has likely undergone duplication
multiple times in protostome evolution. The Ikaros family has
successfully duplicated three times in the course of vertebrate
evolution (John et al., 2009). Some of these duplicates are intimately
linked with the evolution of the adaptive immune system, which
undoubtedly gave vertebrates an advantage in the battle against
pathogens. Poly-ZF genes have undergone extensive expansion in
metazoan genomes (Emerson and Thomas, 2009). Perhaps the
evolutionary versatility of poly-ZF proteins, as discussed above, has
favored their retention in the genome following gene duplication.
A common origin for hunchback, Ikaros, and HIL transcription factors?
We identiﬁed a second gene family in protostomes with signiﬁcant
gene structure and sequence similarity to hunchback and Ikaros. We
found at least one HIL and one hunchback gene in most protostome
genomes with the exception of two ﬂatworm genomes, which appear
to contain only hunchback. The hunchback and HIL genes form distinct
clades in our phylogenetic analysis, indicating that both hunchback
and HIL genes were likely to be present in the ancestor to
lophotrochozoans and ecdysozoans. Members of both gene families
contain zinc ﬁngers N-terminal to the conserved MFs, whereas a
single zinc ﬁnger between the conserved MFs and CFs (the ExF)
appears to be unique to hunchback genes. Furthermore, we ﬁnd
evidence for sea urchin and acorn worm IFLs with zinc ﬁngers N-
terminal to the conserved MFs. This gene structure is more typical of
the protostome hunchback and HIL genes, lending support to the idea
that these three gene families may have shared a common origin in
the ancestor to protostomes and deuterostomes.
Ikaros family-like (IFL) genes have been well characterized in
deuterostomes (John et al., 2009 and references therein) and
hunchback genes have been well characterized in protostomes
(Kerner et al., 2006; Pinnell et al., 2006; and references therein).
Several groups have suggested that Ikaros and hunchback mightshare an evolutionary history, yet an ancestral role for these genes
has not been proposed. Vertebrate Ikaros family members, Ikaros,
Aiolos, and Helios, are known for their primary expression and
function in the adaptive immune system (reviewed by Georgopou-
los, 2002). The other family members are more broadly expressed
and are therefore likely to have major roles outside immune system
development (Honma et al., 1999; Perdomo et al., 2000). hunchback,
on the other hand, was identiﬁed for its function in anterior–
posterior patterning of the Drosophila embryo, where it acts as a
“gap” class segmentation gene (Lehmann and Nusslein-Volhard,
1987; St Johnston and Nüsslein-Volhard, 1992). hunchback appears
to function broadly in insect segmentation (Liu and Kaufman, 2004;
Marques-Souza et al., 2008; Mito et al., 2006; Patel et al., 2001; Peel
et al., 2005; Wolff et al., 1998) and it may function more broadly in
arthropod segmentation (Schwager et al., 2009). However, hunch-
back genes are not expressed in a pattern consistent with a role in
segmentation in some basal arthropods (Chipman and Stollewerk,
2006; Kontarakis et al., 2006) and annelids (Kerner et al., 2006;
Pinnell et al., 2006). Expression of hunchback in the mesoderm of
animals ranging from arthropods to annelids has led to the proposal
that the ancestral function of hunchback was in mesoderm
development (Kerner et al., 2006; Kontarakis et al., 2006; Patel et
al., 2001). We note that the developing mesodermal lineage also
gives rise to both the adaptive immune system in vertebrates and
the somatic gonad in C. elegans. Therefore, we speculate that the
common ancestor of the HIL, hunchback, and Ikaros families might
have been involved in mesoderm development. Consistent with this
idea, we were unable to ﬁnd any genes with this unique gene
structure in non-bilaterian species, as has been previously reported
for hunchback (Kerner et al., 2006). The characterization of
additional HIL, hunchback, and IFL genes, especially in basal lineages,
should reveal if mesodermal expression is a common feature of all
three gene families. Our description of the HIL gene family in C.
elegans opens the door to future studies on the function of HIL genes
in other protostomes.Acknowledgments
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